Abstract
Weathering processes appear to be at the origin of fissures development and of a related 26 enhanced local hydraulic conductivity, both in the quartz reef and in the surrounding granite. 27
The weathering profile in the granite (saprolite and fissured layer) is characterized by an 28 abrupt deepening of the weathered layers in the granite near the contact and in the quartz reef 29 itself. Therefore, the weathering profile shows a ‗U'-shape geometry with, among others, the 30 verticalization of the granite's fissured layer. The hydraulic conductivity of this verticalized 31
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Hard rocks (plutonic, metamorphic rocks) form part of the basement of continents and, as 49 such, occupy large areas throughout the World (Africa, South and North America, India, 50
Europe, Asia, Australia, etc.). Groundwater resources in aquifers (HRA) are generally low in 51 terms of available discharge per well (from a few to a few tens of m 3 /h) compared to those 52 from porous, karst, and volcanic aquifers. However, HRA are geographically widespread and 53 thus well-suited for water supply to scattered populations and small to medium-size towns, or 54 suburbs of larger cities. Their groundwater resources largely contribute to economic 55 development, especially in regions exposed to arid and semiarid climatic conditions where 56 surface-water resources are limited as, for example, in Africa and in India (Uhl and Sharma, 57 1978; Gustafson and Krásný, 1994 ; Houston and Lewis, 1998). In such regions, HRA 58 commonly are the only available perennial water resource, supplying the population as well as 59 the agricultural and industrial sectors. However, the knowledge of such aquifers, e.g., their 60 geometry, their hydraulic properties, etc., is currently meagre and needs to be improved. 61
Significant advances have recently been made in the geological and hydrogeological 62 characterization of such complex aquifers (Omorinbola, 1982; Owoade, 1995 properties of HRA mainly result from deep weathering processes of the parent rock. Such 67 processes involve biogeochemical hydrolysis of the minerals constituent of the rocks and their 68 mineral transformation under new surface conditions, mainly into clay-rich materials (Tardy, 69 1971 (Tardy, 69 , 1993 (Tardy, 69 , 1998 Nahon, 1991) . Additionally, these processes are controlled by the regional 70 geodynamical history, which can lead to multiphase weathering profiles because of 71 alternating erosion and weathering phases (Taylor and Howard, 2000; Dewandel et al., 2006) . 72
In granite-type rocks (e.g. granite, gneiss), a typical weathering profile comprises two main 73 stratiform layers sub-parallel to the paleo-surface contemporaneous of the weathering 74 processes ( As a consequence, where the formation is not affected by geological discontinuities, such as 88 faults, veins or dykes, and exposed to deep weathering processes, the saprolite and the 89 fissured layers together make up a composite aquifer of up to 100 m thick (Fig.1) . 90
Hydrogeologically, this medium can be considered as a multilayer system where each layer is 91 characterized by its own specific and quite homogeneous hydrodynamic properties. This 92 relative -homogeneity‖ allows several practical applications (Lachassagne et al., 2011) , 93 among which aquifer budgeting (Maréchal et al., 2006) or the development of Decision 94 Support Tools (Dewandel et al., 2008 (Dewandel et al., , 2010 . However, where the granite is intruded by 95 quartz, pegmatite or aplite veins, dolerite dykes, or younger granite, or affected by tectonic 96 faults, the layers geometry and their hydrodynamic properties may substantially differ from 97 six boreholes were drilled in the central area and in the pinch-out zone of the quartz reef and 5 140 in the surrounding granite ( Fig. 3a and 3b) . The ten IFP1 boreholes were located within the 141 granite in the pinch-out zone of the quartz reef and near a metre-wide dolerite dyke ( (Table 1) ; detailed geological logs were prepared from drill cuttings 144 (see supplemental material). At IFP1 site, two pre-existing farmer's wells (bw1 and bw2, 145 The combination of the geophysical and the geological data allowed characterizing both the 147 structure of the geological formations and the geometry of the weathering profile near the 148 intrusion. Geological cross-sections perpendicular and parallel to the reef for the two sites 149 clearly show that the weathering profile is significantly deepened near the quartz reef (Figs 150 4a, b and c). At the outcrop scale, the orientation of major fissures (metre to decametre wide) 151 in the quartz reef was measured (see supplemental material). The fissures are mostly sub-152 vertical and organized in two main sub-orthogonal sets, one sub-parallel (N000 90°) to the 153 quartz vein and the second sub-orthogonal (N100 90°) to it. A few sub-horizontal fissures 154 were also observed, but due to the relatively flatness of the outcrops their number is probably 155 underestimated. Within the first ten metres from surface, the quartz is highly weathered and 156 densely fissured from centimetre to decametre scale. However, near the contact with the 157 granite, i.e. on the sides of the quartz reef and in the pinch-out zones, this highly weathered 158 and fissured material can reach up to 50 m depth (Figs. 4b and c) .Near the quartz reef, the 159 granite is also characterized by an important deepening of the weathering profile. On average, 160 saprolite thickness increases by a factor 1.5 to 3 and the fissured layer by a factor 3 to 5, 161 compared to the zone not affected by the intrusion. Locally, the bottom of the fissured layer 162 can reach more than 70 m depth, whereas farther from the quartz reef the weathering profile 163 in the granite stops at few tens of metres from the surface (Figs. 4) .
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The IFP1 sub-vertical and metre-wide dolerite dyke sub-parallel to the quartz reef is highly 165 weathered within the first 6 m from the surface (clayey material), then poorly fissured up to 166 15 m, and finally hard and compact. Near this dyke there is no-evidence of a deepening of the 167 weathering front and of the development of a local deeper fissuring. 168
Previous studies (Maréchal et conductivities constitutes a preliminary estimate of the hydraulic conductivity of the 182 weathered layers in the granite and in the quartz aquifers near the wells (Fig. 5) . 183
Near the quartz reef, the hydraulic conductivity of the fissured granite ranges from 8. distribution of hydraulic conductivity in the quartz reef is highly variable and is closely linkedderivative curve; t<100 min; Fig. 6a ) that is typical of a borehole partially penetrating the 233 aquifer. As this well intersects about 30 to 40 m of fractured quartz (Fig. 4c) , this diagnosis 234 suggests that IFP30-5 is located in a zone where the aquifer is relatively thin compared to 235 where the drawdown progresses. This is corroborated by the geological observations, which 236
show that the thickness of the weathered/fissured zone increases up to 70 m depth north of the 237 site (Fig. 4c) . The whole data set from pumping and observation wells has been interpreted 238 with the Hantush model (partially penetrating aquifer with vertical anisotropy in hydraulic 239 conductivity; Hantush, 1961; Fig. 6a ). Estimated hydrodynamic parameters are of the same 240 order of magnitude and relatively close from one well to the next with, however, a variability 241 in the estimates and particularly those for hydraulic conductivity and storativity (Table 3) ; this 242 point will be discussed later. On average, the hydraulic conductivity is 4.0 x 10 -6 m/s, the 243 storativity about 3.2 x 10 -4 (-) and the aquifer thickness is estimated to be about 100 m. The 244
computed aquifer thickness appears slightly overestimated compared to reality (about 70 m), 245 which we explain by the uncertainty of the real productive length in wells (screened thickness 246 on Table 3 ) but also by the use of the Hantush model that considers a well that partially 247 penetrates the aquifer whereas IFP30-5 is located in a pinch-out zone of the aquifer. The 248 vertical anisotropy ratio in hydraulic conductivity (Kx/Kz) is about 3 and probably reveals a 249 depth-decreasing hydraulic conductivity due to a depth-decreasing density of fissures. 250
The test performed in IFP30-10 revealed a dual porosity behaviour (Fig. 6b) . The overall data 251 set has thus been interpreted with a dual porosity model. Two observation wells (IFP30-6 and 252 30-7) were interpreted in the matrix, the others being in the fissure network (Table 4 (Table 4 ). This test gives complementary 257 information on the hydraulic parameters of the quartz reef aquifer. On average, the hydraulic 258 conductivity of the aquifer is 6.2 x 10 -6 m/s, the storativity is about 4.6 x 10 -4 (80% in the 259 matrix and 20% in the fissures), and the matrix hydraulic conductivity is about 2.4 x 10 -9 m/s. 260
Variability in hydraulic conductivity and storativity estimates was also noted and will be 261 discussed later. 262
The third test at Kothur (IFP30-4) characterises the stratiform fissured layer of the granite not 263 affected by the reef. Only two observation wells reacted to the test (IFP30-7 and 30-8). The 264 aquifer behaviour is typical of a dual-porosity medium and the hydrodynamic parameters are9 very similar (Table 5 ). The hydraulic conductivity of the fissured granite is on average 6.4 x 266
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-6 m/s, the storativity is about 7.2 x 10 -3 (98% in the matrix, 2% in the fissures), and the 267 matrix hydraulic conductivity is about 3.0 x 10 -9 m/s. 268 269
Pumping tests at the IFP1 site 270
At the IFP1 site, wells were drilled in the granite, in the pinch-out zone of the quartz reef 271 (Fig. 3a) . A pumping test in IFP1-6 revealed the channelized structure of the aquifer after a 272 few minutes of pumping (1/2 slope of the derivative curve on Fig. 6c ). This is consistent with 273 the geological information and particularly the ‗U'-shape geometry of the aquifer (Fig. 4a) . 274
Therefore, a Theis model combined with two parallel no-flow boundaries was used for the 275 interpretation ( Fig. 6c ). Several hypotheses were tested for the orientation of the two no-flow 276 boundaries. The best result, which was constrained by the modelled drawdowns for the 10 277 wells, was obtained for a direction sub-parallel to the quartz reef (N195). Aquifer parameters 278 are quite homogeneous (Table 6) Jacob, 1947) . This low value compared to the average found for the 289 site is probably caused by a highly conductive zone connecting this well to the pumping well 290 thus enhancing a rapid pressure transfer between the two wells, quicker than the general one 291 found at the site scale. The re-computation of the distance to limits with the average storage 292 coefficient found at the site scale gives results that are consistent with the ones found in the 293 other wells (Table 6 ). Compared to other wells, drawdown at IFP 1-3, 1-4 and 1-8 was very 294 low (<0.8 m) which is explained by their location outside the permeable channel (Figs. 3a and 295 4a). The data were interpreted with the Theis model, but the estimated hydraulic parameters, 296 K and S, are non-realistic and differ by several orders of magnitude from the ones obtained in 297 other wells. These wells are thus located in an aquifer that is poorly connected to the 298 10 permeable channel. These records nevertheless show that the dolerite dyke no-flow boundary 299 is not a completely impervious limit, but rather a low-permeability barrier. 300
The second test performed in IFP1-8 produced drawdown in only a few observation wells 301 In an ideal homogeneous and anisotropic aquifer, the hydraulic conductivity on the horizontal 318 plane can be represented by a tensor characterized by two orthogonal major and minor axes. 319
When a pumping test is performed, the drawdown geometry forms an ellipse that reflects the 320 anisotropy ratio (Hantush, 1966; Hantush and Thomas, 1966; Ramey, 1975; Neuman et al., 321 1984) . The estimation of the anisotropy ratio and of the major and minor hydraulic 322 conductivity orientations requires several observation wells located at various angle from the 323 two anisotropy axes (e.g. Neuman et al., 1984) . For such a medium and considering an 324 isotropic storativity, drawdown curves from observation wells will all be characterized by the 325 same semi-log slope (Jacob's straight-line), regardless of the distance to the pumping well, 326 leading to equal estimated transmissivity or hydraulic conductivity values for each 327 observation well. Only the intercept of the straight line with the time axis will differ because 328 the anisotropy terms are only incorporated in the well-function (or within the log term for the 329 Jacob's approximation). The analytical solutions used here start (Theis + two no-flow 330 boundaries) or end (Hantush and dual porosity) with radial flow (straight-line on semi-log 331 diagram), suggesting that in the scheme of an ideal anisotropic aquifer the hydraulic11 conductivity estimates for a particular pumping test should be the same or very close between 333 wells. Such a statement is valid for the test performed at IFP30-4 in the horizontal stratiform 334 fissured granite far from the quartz reef, where observation wells are laid out at right angles 335
-6 m/s; Table 5 ). In addition, the estimated storativity for 336 the two observation wells is very close (7-8x10 -3 ), indicating an anisotropy ratio near 1 when 337 using the earlier mentioned anisotropic model. This suggests that at IFP30-4 the stratiform 338 horizontal fissured layer is neither affected by a significant anisotropy in hydraulic 339 conductivity onto the horizontal plane, nor affected by significant heterogeneities in hydraulic 340 conductivity at the pumping-test scale. However, this information should be confirmed by one 341 or more additional observation wells in other directions, or by additional tests in one of the 342 two observation wells (Neuman et al., 1984) . 343 344
Heterogeneous and anisotropic aquifer: verticalized fissured granite and quartz 345
In the quartz reef (tests in IFP30-5 and IFP30-10) and in the granite at the pinch-out zone of 346 the reef (IFP1-6), the estimated hydraulic conductivity differs between wells with a factor 347 between 3 and 5 (Tables 3, 4 and 6). This implies that the tested aquifers are not ideal 348 anisotropic aquifers or/and are affected by significant heterogeneity in hydraulic conductivity 349 as illustrated by the analysis of slug-test data (Fig. 5) . 1999). With our data set, no correlation between slug-test data and storativity was found,12 probably because of the very local estimation assigned to this method (slug tests have an 367 action radius of a few metres around the well). Strong increases of the transmissivity 368 variability of these numerical models, which was introduced by increases in the variance 369 transmissivity fields, produced ellipsoidal shapes of estimated transmissivity around the 370 pumping well, which were even better defined when the highest transmissivity zones were 371 connected by highly permeable fractures. Even though these shapes may be exaggerated due 372 to numerical artefacts, they seem nevertheless related to the transmissivity field. This point 373 was, however, not discussed by the authors. 374 hydraulic conductivity is usually much larger than the storativity one, diffusivity is thus large 398 for highly conductive zones and small for low-conductivity zones. Thus, when pumping, a13 vertical hydraulic gradient from lower to higher conductive zones is induced, which means 400 that the highly conductive fissures or the fissure network that is best connected to the 401 pumping well can be regarded as drainage structures or as lateral extensions of the well 402 (Schad and Teutsch, 1994) . 
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-6 m/s, and K mean_1-6 =5.1 x10 -6 m/s to K IFP1-6 = 5.1 x 10 -6 m/s. Differences are thus small, 417 between 0 to 15%, compared to the ones obtained from pumping wells. However, the ellipses 418 are mismatched in a few points. Some lie outside the ellipse, such as IFP1-1, which suggests 419 that the pressure transfer is easier between this well and the pumping well due to a 420 preferential flow path as previously suggested, or they lie inside the ellipse due to a lower 421 conductive zone (IFP30-8, IF30-7; Fig. 7b) . 422
From this analysis, it results that the major ellipse axes are clearly oriented sub-parallel to the 423 quartz reef. Consequently, for the tests in the quartz reef, it can be concluded that the sub-424 vertical fissure set parallel to the reef axis ensures a preferential connection between the 425 pumped and the other wells. However, at right angles to the reef the connection is lower, most 426 probably because of the variation in the degree of fissuring between the heart and the side of 427 the reef. 428
In the verticalized fissured layer at the quartz vein pinch-out zone (Fig. 7c) , we also find 429 variability in the connectivity of the fissure network. The major axis is also sub-parallel to the 430 sub-vertical fissure set and parallel to the reef axis. This result suggests that in the pinch-out 431 zone of the quartz reef, and probably also at the contacts on the eastern and western sides, the 432 verticalized fissured granite is affected by a dominant set of sub-vertical conductive fissures14 sub-parallel to the reef. This feature differs from the classic stratiform horizontal fissured 434 layer, where horizontal conductive fissures dominate ( Fig. 1 
HYDROGEOLOGICAL CONCEPTUAL MODEL OF THE QUARTZ
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Geological, hydrogeological and geophysical investigations performed along the quartz reef 440 allow completing the understanding of the structure and the hydrogeological properties of 441 hard-rock aquifers exposed to deep weathering processes (Fig. 8) . 442 443
Aquifer geometry 444
Near the quartz reef the weathering fronts within the granite (e.g. bottom of saprolite and of 445 the fissured layer) are noticeably deeper compared to the classic stratiform weathering profile. 446
On average, the thickness of the saprolite increases by a factor of 1.5 to 3 and that of the 447 fissured layer by a factor of 3 to 5. Near the contact, the geometry of the weathering profile in 448 the granite is, as for the classic stratiform weathering profile, characterized by two sub-449 parallel layers: the saprolite and the fissured layers. However, they are not sub-parallel to the 450 paleo-surface contemporaneous with the weathering, but sub-parallel to the discontinuity 451 borders. As a result, the weathering profile exhibits a ‗U' shape composed of parallel layers. 452
The quartz reef is characterized by mainly sub-vertical fissures that are sub-parallel and sub-453 orthogonal to the reef axis. The top layer is highly fissured and weathered and the fissure 454 density rapidly decreases with depth. Density in fissuring and the grade of weathering vary 455 also in space and are more pronounced at the contact with granite, i.e. on the sides and in the 456 pinch-out zones, than at the heart of the vein. This ‗U' shape of the weathering layers results 457 from similar processes as those observed in horizontal stratiform weathering profiles: 458 
Quartz aquifer 516
The fissured quartz is characterized by a dual-porosity behaviour; the average hydraulic 517 conductivity of the fissure network is 4 to 6 x 10 -6 m/s, storativity being 3 to 5 x 10 -4 and 518 mainly ensured by low-permeability blocks (2.4 x 10 -9 m/s). However, hydrodynamic 519 properties in the quartz are highly variable in space and closely depend upon the grade of 520 weathering and fissuring: it is poorly fissured with low permeability in the heart and highly 521 conductive at the contact with granite due to an enhanced fissuring. The fissured quartz is also 522 characterized by anisotropy onto the vertical plane, K x. /K z : 3, which is attributed to a 523 decreasing density with depth of the conductive fissures. As for the verticalized fissured layer 524 of the granite, conductive fissures that are sub-vertical and sub-parallel to the reef dominate in 525 the quartz, inducing a higher hydraulic conductivity parallel to the reef (Ky>Kx); however, 526 the anisotropy in hydraulic conductivity could not be estimated. 527
Even if at Kothur site the aquifer also has a ‗U' shape, hydraulic tests do not show evidence 528 of channelized groundwater flow. This is explained by the fact that during the tests the 529 groundwater level was very shallow (4 to 5 m deep) whereas it was more than 15 m deep at 530 the IFP1 site. As a consequence, at Kothur the ‗U'-shape aquifer was still well-connected to 531 the surrounding horizontal stratiform fissured layer of the granite aquifer, giving the 532 impression of an infinite aquifer while at the IFP1 site only the ‗U' shape aquifer contributed 533 to pumping. 534 where geological discontinuities disturb the weathering profile. 539
CONCLUSIONS
Near the quartz reef, weathering processes appear to be at the origin of an enhanced local 540 hydraulic conductivity both in the vein and in the surrounding granite. The quartz reef and the 541 accompanying verticalized fissured granite layer at the contact constitute a composite aquifer 542 characterized by a ‗U'-shaped geometry that acts as a local drain. This higher permeability is 543 probably at the origin of the sharp deepening of the weathering front in the surrounding 544 granite and in the quartz reef itself. Hydrodynamic properties of the verticalized fissured 545 granite are comparable to those found in the classic horizontal fissured layer. However, the 546 anisotropy in hydraulic conductivity is reversed as sub-vertical fissures control the 547 groundwater flow at the discontinuity, while fluxes in the classic horizontal fissured layer are 548 mostly controlled by a dominant set of sub-horizontal fissures. 549
Where the weathering can propagate downward, other geological discontinuities such as deep 550 fractures, leucocratic dykes, pegmatite, or contacts between different geological formations, 551 may also constitute local structures with similar aquifer properties as those described here. As 552 a result, the weathering front should also form a ‗U' shape depending upon how vertical the 553 discontinuity is and on the duration of the weathering processes. Such types of structures, 554 searched for and observed by hydrogeologists and geophysicists for borehole siting (e.g. 555 Sander, 2007) are commonly attributed to -tectonic fracturing‖ (-fault gouges‖). The novelty 556 here is to show that the geometry of the aquifer and its hydrodynamic properties are inherited 557 from deep and local in situ weathering processes, but are unrelated to tectonic activity. 558 Therefore, where this deepening of the weathering front has developed such structures may be 559 valuable targets for borehole siting, particularly because of the enhanced transmissivity due to 560 an increase in aquifer thickness. However, the permeability of such structures is highly 561 variable in space, being low in the heart and high at the contacts. Such contrasting 562 hydrodynamic properties, and also the more or less important development of the weathering 563 profile along these structures, may explain the high variability of well yields using a standard 564 approach based only on the study of lineaments. Thus, lineament studies combined with 565 structural studies of the weathering profile would improve the chances of siting productive 566 wells. At the opposite, discontinuities that produce weathering material of low permeability, 567 such as dolerite dykes, do not locally enhance the thickness of weathered layers in granite or 568 its hydraulic conductivity, making such structures unfavourable targets. 569
Numerical issues, both for modelling the evolution of the weathering profile along such 570 discontinuities and for modelling of the tests, as well as additional hydraulic tests to assess 571 preferential flow paths (flowmeter tests), to pursue the quantification of heterogeneity in 572 hydrodynamic properties in relation to underground reality (fissures orientation, structure of 573 the weathered layers), are topics of interest for future research. In addition, the development 574 of new analytical solutions for the interpretation of pumping tests in such media would help in 575
improving their characterization, such as including anisotropy, channelized flow and/or the 576 influence of surrounding aquifers. 577
Finally, because of the complex structures and associated properties of such aquifers, special 578 attention has to be paid to water management. The channelized or fractionalized patterns of 579 the flow paths have strong implications in terms of contaminant transport and for delineating 580 appropriate protection perimeters for water-supply wells. Efforts should thus be made for 581 improving the hydrogeological and hydrogeochemical characterization of these aquifers to 582 ensure their safe and sustainable groundwater exploitation. The methods for characterizing the 583 aquifer used here could be used and improved for achieving this goal. Model: dual-porosity. * observation well interpreted in the matrix, ** drawdown at the end of 814 pumping, and *** geometrical mean. 815 816 Table 5 . Results of the interpretation of the pumping in IFP30-4 (Kothur site; granite aquifer). 817
Model: dual-porosity. * drawdown at the end of pumping, and ** geometrical mean. 818 819   Table 6 . Results of the interpretations of pumping in IFP1-6 (IFP1 site; granite aquifer). 820 27 using the average S (7.8E-4), *** the number between comas is estimated using the average S 822 and **** K and S are geometrical mean, do not include data from observation wells IFP 1-3, 823 Obs.-IFP1-6; r=0.11 m Theis+ 2 NoFlow_1-6 Der.obs-IFP1-6
Der. Theis+ 2 NoFlow_1-6 obs.-IFP1-9; r=11.5 m Der.obs_IFP1-9 Theis+ 2 NoFlow_1-9
Der. Theis+ 2 NoFlow_1-9
Pum ping well IFP1-6 Obs ervation well IFP1-9
Obs ervation well IFP1-9 
